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Abstract
Land-use changes have transformed tropical landscapes through-
out the past decades dramatically. We describe here an ecological-
economic land-use change model to provide an integrated, exploratory
tool to analyze how tropical land use and land-use change affect eco-
logical and socio-economic functions. The guiding question of the
model is what kind of landscape mosaic can improve the ensemble
of ecosystem functioning, biodiversity and economic benefit based
on the synergies and trade-offs that we have to account for. The
economic submodel simulates smallholder land-use management de-
cisions based on a profit maximization assumption and a Leontief
production function. Each household determines factor inputs for all
household fields and decides about land-use change based on avail-
able wealth. The ecological submodel includes a simple account of
carbon sequestration in above- and belowground vegetation. Initial-
ized with realistic or artificial land use maps, the ecological-economic
model will advance our understanding of the mechanisms underlying
the trade-offs and synergies of ecological and economic functions in
tropical landscapes.
Keywords: ecological-economic model, land-use change, smallholder, oil palm,
rubber, Indonesia, simulation model, NetLogo.
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1 Introduction
Land-use changes have transformed tropical landscapes throughout the past
decades dramatically. In particular, large stretches of primary forests have been
replaced by land used for agricultural purposes. These transformed landscapes
remain subject to further land-use changes that bring about a variety of changes
in ecosystem and socio-economic functions. Interdependencies among differ-
ent functions both within and between the ecological and the socio-economic
spheres are likely to be complex, often non-linear, and are not well understood.
For example, the spatial configuration of land uses might play an important
role for biodiversity (e.g., via edge effects, connectivity, buffer zones, or homog-
enization), ecosystem functions, e.g. hydrological functions via riparian buffer
zones, and also for economic functions (e.g. via market access or spill-over ef-
fects). Understanding this complexity is of utmost importance to identify ways
to maintain ecosystem functioning and biodiversity in the face of human needs.
Agent-based ecological-economic simulation models are a promising tool to
develop a better understanding of the complex dynamics and interactions be-
tween ecological and socio-economic functions in agricultural landscapes (Vil-
lamor et al., 2014). They can incorporate decisions of agents such as individual
farming households and evaluate their effect on ecological and socio-economic
functions on different scales, e.g. local or landscape scales. Thereby these mod-
els connect the societal/economic and the ecological sphere. Carefully applied,
such models allow for testing different scenarios, e.g. how certain external effects
like certain policies or price shocks affect the behaviour of agents and thereby
shape landscape mosaics.
In the Jambi Region of Sumatra, Indonesia, oil palm and rubber planta-
tions represent the dominant land-use types. The landscape mosaic is shaped
by different actors, for example smallholders with typical field sizes around two
hectares and private or state-owned companies with large monoculture planta-
tions. Using socio-economic and ecological data from the Jambi region as a case
study, our guiding research question is: what kind of landscape mosaic can im-
prove the ensemble of ecosystem functioning, biodiversity and economic benefit
based on the synergies and trade-offs that we have to account for.
This paper describes an agent-based model that we have developed to an-
swer this question. We aimed at a model sufficiently complex to capture all
factors and processes relevant to our questions yet simple enough to be able
to derive general principles (cf., Evans et al., 2013). The model description is
structured according to the ODD protocol for describing individual-based mod-
els (Grimm et al., 2006, 2010) and the ODD+D extension of the protocol for
describing agent-based models that involve human decisions (Müller et al., 2013)
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Spatial unit Meaning
cell smallest spatial unit of the model (50x50 m)
field contiguous cells of the same land-use type and age belonging to the 
same household (i.e. an agricultural field)
household area cells belonging to the same household
patch contiguous cells of the same land-use type and same/similar age (i.e. 
same type of habitat, independent of ownership)
landscape largest spatial unit of the model: set of all cells
Table 1: Spatial units of the model.
2 Overview
2.1 Purpose
The purpose of our model is to provide an integrated, exploratory tool to an-
alyze how land use and land-use change affect ecological and socio-economic
functions. Relationships between different functions on different spatial and
functional scales in the form of trade-offs or synergies will be investigated with
the model.
As smallholders manage the majority of farm land in our study region,
we focus on smallholder land management and decisions. Land-use and land-
management decisions are modeled on the household level, based on household
capital and external economic drivers like prices for inputs and products. Socio-
economic functions in the model are economic development and welfare effects,
on the ecological side we focus on carbon storage. Further ecological func-
tions, e.g. species diversity will be incorporated in the near future. Concerning
land-use types, we consider the perennial land-use types oil palm and rubber
plantations, and secondary forest as a near natural habitat.
We choose a spatially explicit approach, as the location of the household
and its farmland in the landscape might affect the decision-making process as
well as ecological functions. For instance, biodiversity can be affected by the
degree of landscape fragmentation. A combined agent-based and grid-based
approach provides the flexibility needed to model diverse ecological and socio-
economic functions. Interactions between grid cells, e.g. animal movement and
intra-household dynamics, as well as interactions between households can be
included explicitly in such a framework.
2.2 Entities, scales and state variables
The model simulates ecological and socio-economic aspects of land-use and land-
use change and therefore comprises different entities: cells, fields, households,
patches and the landscape (see Table 1). The smallest spatial unit of the model
is a square cell where cell size corresponds to the typical size of small fields
(in our case 50 x 50 meter). Each cell is characterized by its position in the
landscape, land-use type and age. A field is defined as a number of contiguous
3
Variable name Unit Meaning
h_id [-] Household identifier
h_area [-] Number of cells belonging to the household
h_wealth [$] Amount available for the household
h_inefficiency_op [-] Inefficiency factor for oil palm [0,1]
h_inefficiency_rubber [-] Inefficiency factor for rubber [0,1]
h_debts [$] Annual debts taken up for agricultural production 
h_capitalstock [$] Amount of capital fixed in plantations
h_exincome [$] Annual external income, i.e. income external to agriculture
h_netcashflow [$] Net cash flow from all household cells
h_consumption [$] Annual consumption of household (fix + variable consumption)
h_cost_investment [$] Annual investment costs from all household cells
h_cost_labor [$] Annual labor costs from all household cells
h_cost_tinput [$] Annual technical input costs from all household cells
h_cost_capital [$] Annual capital costs from all household cells
h_cost_land [$] Annual land rent costs from all household cells
h_revenue [$] Annual revenue from agriculture
h_op_production [tons] Annual production of oil palm fruit buches from all household cells
h_rubber_production [tons] Annual production of rubber from all household cells
h_debt_years [-] Number of consecutive years in which the household had debts > 0
Table 2: List of the most important household variables.
cells under the same land-use of the same age belonging to one household. Each
household can own several fields and decide on land-use and management of
these fields. The size of existing fields remains constant throughout simulation.
Similar to fields, patches are contiguous cells of the same land-use and the same
(or similar) age, but regardless of ownership. While fields are important units in
the economic sub-model, patches define areas of similar habitat suitability and
may thereby play an important ecological role for species diversity and distribu-
tion. Households are characterized by their location in the landscape, the sizes
and locations of fields belonging to the household and specific household char-
acteristics. The landscape comprises a regular grid of cells and is the highest
level entity of the model (in our case 100 x 100 cells, i.e. 25 square kilometers).
All processes in the model, i.e. vegetation growth as well as household-related
processes, work with an annual time step. Prices for yield are external and do
not vary within the landscape.
Household variables describe the size and production of the land owned by
the household as well as the financial resources of the household (details in
Table 2). A detailed description of the household model is given in Section 4.4.1
Household model. Cell variables describe ecological and economic properties
of the land use in that cell such as type (e.g. oil palm), age, technical input,
production and amount of carbon stored in the vegetation of that cell (details
in Table 3).
2.3 Process overview and scheduling
Each model run starts with the initialization procedure, see Section 4.2 Initial-
ization for details. After initialization, each grid cell has a certain land use (oil
palm, rubber or secondary forest). Each grid cell under agriculture (oil palm or
4
Variable name Unit Meaning
p_landuse [-] Land use of the cell (oil palm, rubber, secondary forest) 
p_age [years] Age of the plantation in the cell
p_fieldsize [-] Total number of cells beloning to the same field as this cell
p_carbon [ton] Carbon stored in the vegetation of this cell
p_owner [-] h_id, if this cell is owned by a household, otherwise -1
p_homebase [-] h_id if this cell is homebase of a household, otherwise -1
p_production [ton] Annual production from this cell
p_id [-] Field identity; all cells beloning to the same field have the same field 
identity
p_labor [h] Labor hours invested in this cell in one year
p_tinput [kg] Technical input invested in this cell in one year
p_capitalstock [$] Capital stock of  this cell
Table 3: List of the most important cell variables.
rubber) has an owner (smallholder farmer or big company) and a certain age.
Within each time step (year) the following processes are scheduled (Fig. 1).
At the beginning of each year, the economic household model is executed.
At first, household wealth is reduced by the planned consumption which com-
prises a subsistence component and a wealth-based component (for details see
Section 4.4.1.2 Decision on land-use change and production). Subsequently,
households decide on land management and land-use change. This decision is
based on expected profits from different land-use options and available financial
resources. The actual annual profit from agricultural land use is then calculated
for all household cells according to age-specific yields and costs and actual com-
modity prices. At this point also the costs for land-use change in this time step
are accounted for.
Subsequently, household wealth is updated by adding profits from agriculture
and potential external income and deducting a variable, profit-based part of
household consumption. This updated household wealth serves as a basis for the
land-use decision module in the next time step. After the economic household
model, the ecological part of the model is updated, i.e. new carbon stocks are
calculated for all cells and ecological functions are calculated.
3 Design concepts
3.1 Theoretical and Empirical Background
3.1.1 Economic household model
The economic household model is based on the concept of ”agricultural house-
hold models” (Singh et al., 1986). In this type of model, a rural household si-
multaneously decides on production and consumption under given constraints,
for example initial endowments with land or access to credit. The land man-
agement decision comprises the decision on land-use change and production,
including the use of factor inputs.
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Update carbon (vegetation growth)
Calculate yield
Land-use & land management decision
Calculate revenue Exogenous output prices
Costs (factor prices)Calculate cash flow
Update household wealth
External income
year = year +1
HOUSE
HOLD 
CELL
HOUSE
HOLD
LAND
SCAPEUpdate ecological functions
Initialization
HOUSE
HOLD
Consumption II 
(profit-based)
Write model output
Consumption I (subsistence & wealth-based)
Figure 1: Process overview
3.1.2 Ecological submodels
The currently applied carbon submodel describes carbon stored in the vegetation
and utilizes simple age-dependent carbon stock equations for the land-use types
oil palm and rubber plantation, and constant carbon stock values for forest
cells. Other factors that might influence carbon stocks, e.g. edaphic conditions,
fertilizer management etc. are not considered in this model version.
3.2 Individual Decision-Making
Every year, households decide on land management and land-use change on
the cells that belong to the household. These decisions are driven by their
agricultural production choices, which, in turn, are determined by production
technologies, initial conditions, and household endowments. Households max-
imize profits and decide between different land uses according to the relative
profitability of different options, i.e. households compare expected profits for
different land-use options over a certain time horizon. In computing these prof-
its, household-level constraints are taken into account, for example with regard
to the availability of capital needed for investment. Households hence produce
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and invest, thereby accumulating capital. The proceeds from agricultural pro-
duction are used to finance investments, to save and to consume.
3.3 Individual learning, sensing and prediction
The model in its present version does not include adaptive behavior, e.g. learn-
ing of agents. Each agent makes its decision independently, i.e. no neighbor ef-
fects are incorporated. The agents hence do not sense the other agents. Agents’
knowledge is restricted to current commodity prices, therefore they forecast fu-
ture prices by current prices and anticipate zero change. The current prices are
used for the computation of future expected cash flows from agriculture.
3.4 Interaction, Collectives and Heterogeneity
The model does not incorporate interactions between agents. Also, no collective
groups, e.g. groups of agents that behave differently, are considered. Agents
differ in their land and capital endowments, as well as their initial land uses and
ages of fields. An additional optional parameter which introduces heterogene-
ity between agents is the inefficiency parameter which affects the production
function of households (see Section 4.4.1 Household model).
3.5 Stochasticity
During initialization, the initial wealth of households is drawn from a log-normal
distribution and resulting values are assigned to households according to house-
hold areas (for details see Section 4.2 Initialization). Parameters for crop- and
household-specific inefficiency (see Eq. 2) are drawn from a normal distribution
and stay constant throughout the simulation. Different options of stochastic
price dynamics are implemented (e.g. Gaussian random walk, see Section 4.4.3
Price dynamics). However, this option can be turned off, i.e., using constant
prices.
3.6 Observation
Patterns observed at the household level are land-use changes and the dynamic
development of yields, cash flows and household wealth. On the landscape level
we observe the fractions of different land-use types and carbon stocks.
4 Details
4.1 Implementation details
The land-use change model is implemented in the open source modelling plat-
form NetLogo 5.0.2. It is still under further development. For questions please
contact jheinon@gwdg.de.
4.2 Initialization
The most important part of the initialization is the initial spatial distribution
of the different land uses, the location of farming households and the ownership
7
Figure 2: (a) Initial land-use map, orange: oil palm plantations, yellow: rubber
plantations, green: secondary forest, white: road patches. (b) Household map:
different colors represent areas of different households, black patches represent
household home bases.
of fields. All these state variables are determined using a landscape generator
(see Appendix), which was developed specifically for this purpose. The outputs
of the landscape generator are different raster maps which are read into the
land-use change model at the beginning of each simulation run. The following
maps are used as inputs:
• Household home-base locations
• Ownership of cells
• Field identity number
• Roads
• Land-use type
• Forest patches
Exemplary maps which were used for the initialization of the presented model
runs are shown in Figure 2.
Apart from these initial maps, the following state variables are initialized as
follows:
• Initial household wealth is drawn from a log-normal distribution with pa-
rameters given in Table 4 (see also Appendix 7.2). The resulting values
for initial wealth are sorted and assigned to households in a way that
households owning larger areas have a higher initial wealth.
• The initial age of agricultural fields is drawn from a uniform distribution
with typical age ranges of oil palm and rubber plantations (see Table 4).
• Initial prices for oil palm fresh fruit bunches (FFB) and rubber as given
in Table 5 (for details see section 4.4.3 Price dynamics).
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Initialisation Unit Value Justification
Number of households [-] 50
Household area µ (log-normal distribution) [ha] 1.02 derived from CRC990 data
Household area σ [ha] 0.91 derived from CRC990 data
Field size µ (log-normal distribution) [ha] 0.49 derived from CRC990 data
Field size σ [ha] 0.77 derived from CRC990 data
Household wealth µ (log-normal distribution) [$] 7 derived from CRC990 data
Household wealth σ [$] 1 derived from CRC990 data
Household wealth scaling factor [-] 10 estimated
Age range of oil palm plantations (uniform 
distribution) [year] [0 , 30] estimated from CRC990 data
Age range of rubber plantations (uniform 
distribution) [year] [0 , 40] estimated from CRC990 data
Fraction of agricultural area under oil palm and 
rubber [-] 0.5:0.5
Table 4: Initial variables and their distributions.
Details on the initialization used for the simulation runs of this paper are
given in the Appendix and initial values to variables are summarized in Table 4;
model parameters are presented in Table 5 and Table 6.
4.3 Input data
The model uses maps which are produced by a landscape generator as exter-
nal input for model initialization. Apart from that, the only variables which
potentially vary over time but are not affected by the model dynamics are the
yield prices. Different price functions are implemented (see Section 4.4.3 Price
dynamics) and can be chosen from a menu in the graphical user interface (GUI).
For the simulations presented in this paper we use the constant price function.
4.4 Submodels
The dynamic land-use change model comprises two main sub-models: the eco-
nomic household submodel that models land-use decisions by rural households
and the ecological submodel that simulates ecosystem functions on different spa-
tial scales. In this section we describe the details of these submodels and their
parametrization.
4.4.1 Household model
The economic household model consists of submodels dealing with household
production and capital accumulation (4.4.1.1) as well as the corresponding land-
use change decisions (4.4.1.2 and 4.4.1.3). In short, the economic household
model includes the following processes (Fig. 3). At the beginning of each time
step, household wealth is reduced by its planned consumption (box Consump-
tion I in Fig. 3). Each household then decides on land management (box Land
management in Fig. 3) including the decision on factor inputs and land-use
change. This decision is based on the expected cash flows from different land
use options over a certain time horizon (e.g. 10 years). We assume that house-
holds are credit constrained. This means that households might not be able
9
Year + 1
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Figure 3: Process overview of the economic household model.
to realize the most profitable land-use option, as they might, for example, not
be able to mobilize the capital necessary for initial investment. Following the
land management decision, annual yields (Yield in Fig. 3) of all household cells
are calculated. Yields are affected by the age of plantations, factor inputs and
household inefficiency, reflecting inefficient knowledge and site-specific condi-
tions. Given current output prices (Output prices) the realized annual revenue
(Revenue) is derived. Given current factor prices (Factor prices), costs (Costs)
for agricultural production are calculated and subtracted from the revenue, re-
sulting in the annual cash flow (Cash flow) of the household. In the case of
positive annual cash flow, a part of the cash flow is consumed (Consumption
II). The household’s wealth (Wealth/Savings) is updated by adding the remain-
ing cash flow and external income. The updated household wealth influences
which land-use options are feasible for the household in the next time step.
4.4.1.1 Production function, cash flows and capital accumulation
For each household cell j we apply a Leontief production function (Diewert,
1971). This implies that factors cannot be substituted and production is de-
termined by the input factor which is applied in the smallest relative amount.
Thus, production is calculated as
yˆj,l,n(L,K, TI, LA) = min
{
y∗n
L
L∗n
, y∗n
K
K∗n
, y∗n
TI
TI∗n
, y∗n
LA
LA
}
(1)
with
yˆj,l,n: production [ton] from crop l of age n on cell j under the factor inputs
labor L, capital K, technical inputs TI and land LA
y∗n: production [ton] of a plantation of age n on one cell with optimal factor
inputs (see section 4.4.2.1 for the derivation of the optimal production)
L∗n: the optimal factor input of labor [hour] for a plantation of age n
K∗n: the optimal capital stock [US$] for a plantation of age n
TI∗n: the optimal factor input of technical input [US$] for a plantation of age n
LA: Land [ha], which is fixed to the size of one cell.
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The Leontief production function defines the potential production1 given a cer-
tain age of a plantation and certain levels of inputs. However, due to varying
experience of farmers in the cultivation of different land uses, incomplete knowl-
edge, e.g. about ideal timing of fertilization or harvesting, as well as variation
in site-specific conditions, this potential production might not be realized by
a household. We incorporate the gap between potential and realized yield by
introducing an inefficiency factor δi,l for each household i and land-use type l.
The realized production from cell j which is owned by household i is therefore
yj,l,n(L,K, TI, LA) := δi,l · yˆj,l,n(L,K, TI, LA) . (2)
Based on the assumption that input factors are the same for all cells belonging
to one field, the production for a field consisting of m cells of crop l of age n is
given by
yfieldl,n = yj,l,n(mL,mK,mTI,mLA) = m · yj,l,n(L,K, TI, LA) . (3)
The revenue [US$] from cell j in year t is
Rcellj,t = yj,l,nt(L,K, TI, LA) · pl,t (4)
with
nt: the age [year] of the plantation in cell j at time t
pl,t: price [US$/ton] of the product of land use l at year t.
The total revenue [US$] from agricultural land use of household i in year t is
thus given by
Ri,t =
∑
household cells j
Rcellj,t . (5)
The net cash flow [US$] from cell j in year t is
Πcellj,t = Rcellj,t − rcostj,l,nt(L,K, TI, LA)− icostj,l,nt (6)
with
rcostsj,l,nt : recurrent costs [US$] on cell j under crop l in year t, depending on
factor inputs of labor L, capital K, technical inputs TI and land LA
icostj,l,nt : investment costs on cell j for agricultural production of crop l in
period t.
The net cash flow [US$] from agricultural land use for household i in year t is
thus given by
Πi,t =
∑
household cells j
Πcellj,t . (7)
1For oil palm plantations, yield is calculated in tons of fresh fruit bunches per hectare and
year; rubber yield is calculated in tons of rubber per hectare and year.
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The recurrent costs for cell j are calculated as
rcostj,l,nt(L,K, TI, LA) =
{
rtK + rL,tLA , if nt < nm
wl,tL+ rtK + pTI,l,tTI + rL,tLA if nt ≥ nm
(8)
with
nt: the age of the plantation on cell j at time t
nm: the maturation age of the plantation, i.e. the first year with non-zero yields
rt: rental rate of capital in year t
K: the current capital stock [US$] on cell j
rL,t: rental rate of land [US$/ha] in year t (independent from what crop is on
the cell)
wl,t: wage for one hour of work [US$/h] in crop l in year t
L: input of labor [hour] on cell j in year t
pTI,l,t: price for one unit of technical input [US$/kg] in crop l at time t2
TI: technical input [kg] on cell j in year t.
We assume that investment costs occur only within the immature phase of a
plantation life-cycle, i.e. as long as yields are zero. The total investment costs
icost_totalj,l for a plantation of crop l in one cell j are therefore
icost_totalj,l =
nm−1∑
k=0
icostj,l,k . (9)
These investment costs include non-recurrent costs, e.g. for buying seedlings,
as well as all costs for labor and technical input in the immature phase. For
establishing oil palms, for example, labor is needed for lining, the transporta-
tion of seedlings, and digging holes. Land is already owned by the household,
i.e. part of its initial endowments, and we only consider the opportunity costs
of holding this asset. During the immature period, the capital stock is built
up and we assume that no further investment costs occur once positive yields
are produced. From this point onwards all labor and input costs are classified
as recurrent costs. We acknowledge that some of these recurrent costs could
similarly be conceptualized as maintenance, i.e. reinvestment costs, but our
simplification facilitates modelling of the crop choice decision later on.
Each household cell j has a capital stock Kj,t, representing the resale value of
the capital stock embodied in rubber trees or oil palms on the cell at time t (see
Eq. (1) and (8)). The capital stock is calculated as the cumulative investment
costs in this cell minus depreciation
Kj,t = (1− dl(nt)) ·Kj,t−1 + icostj,l,nt (10)
with depreciation rate dl(nt). The depreciation rate, which captures the natu-
ral productivity of the plantation, depends on the plantation age nt: for young
plantations, d is negative, for older ones positive. This is because productivity
generally increases in young plantations and decreases in old plantations; the
2Both wages and prices for technical input as well as rental rates for capital and land can
vary with time. However, in our current model version, we keep them fixed and therefore omit
the index t in the remainder of the model description.
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productivity inflection point is crop-specific. The total capital stock of house-
hold i in year t is accordingly
Ktoti,t =
∑
household cells j
Kj,t . (11)
4.4.1.2 Decision on land-use change and production
The decision on land management and production, i.e. land-use change and
the corresponding factor inputs, is determined by the profitability of land use
options, as well as wealth (and consumption) of the household. Let Wi,t−1 be
the wealth of household i at the end of year t − 1, i.e. the wealth available at
the beginning of year t. For simplicity we assume, that, apart from the profit-
based component of household consumption, all expenditures occurring in year
t need to be disbursed by the household, i.e. paid before the income from agri-
cultural production and external sources in the year t is available. Household
consumption is calculated in a two-step process, partly before and partly after
net cash flow realization of that time step. The planned household consumption
of household i, C_plani,t consists of a fixed base consumption C¯i representing
the subsistence level, and a variable additional consumption c(Wi,t−1) which
depends on the actual wealth Wi,t−1.
Thus the planned consumption of household i in year t is
C_plani,t = C¯i + CW ·Wi,t−1 (12)
with CW the fraction of wealth that is additionally consumed.
The actually realized consumption Ci,t can increase by a profit-based compo-
nent, if a positive net cash flow in this year permits additional consumption (see
Table 6 for parameter values of consumption). Thus, after the calculation of
the net cash flow Πi,t, household consumption is updated according to
Ci,t =
{
C_plani,t + Cpi ·Πi,t , if Πi,t > 0
C_plani,t , if Πi,t ≤ 0 .
(13)
The wealth after planned consumption is available to cover investment and
recurrent costs of agricultural production. We define a minimum wealth level
Wmin that is always available to a household, assuming that the household can,
if necessary, cover costs for consumption from a safety net (family, friends, etc.
as a short term credit). Therefore the available resources for factor inputs and
land-use change in year t are
Wi,temp :=
{
Wi,t−1 − C_plani,t , if Wi,t−1 − C_plani,t ≥Wmin
Wmin , else
(14)
If the actual household wealth does not cover the planned consumption, the
household temporarily takes up debts Di,t,temp of the amount
Di,t,temp1 := C_plani,t +Wmin −Wi,t−1 . (15)
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In each period t each household decides on management of its household fields
after reducing the wealth by the annual households planned consumption (see
Eq. 14). This decision includes the decisions on factor inputs and land-use
changes, which is taken simultaneously. It depends on the available capital for
agricultural production Wi,temp.
Since we consider two possible land-use types (oil palm and rubber plantation),
there are three possible options for each household field: to continue the actual
land-use, to replant the actual land-use type or to change to the alternative
land use. If a household has u fields, the number of possible options is thus 3u.
As the calculation of expected cash flows from different land-use options is the
most time-consuming part of the model, we implemented two versions of this
process: the ”all-fields”-option, which allows the full number of options, i.e. in
principal a change of land use in all fields of a household within one year, and
a ”one-field-per-year”-option in which each household can change only one field
per year. The latter reduces the number from 3u to 3u. The option can be
chosen on the GUI. For this paper, we apply the one-field-per-year option.
From the set of all options, only those are potentially possible, for which total
investment costs (i.e. investment costs from all household fields within the next
three years) as well as unavoidable recurrent costs in the current year can be
covered by the actual wealth Wi,temp (see Eq. 17) while not falling under the
minimum wealth level.
Let o be an arbitrary option, pk the fields of the household (k = 1, ...g) and let
lk be the intended land uses on these fields under option o. Let furthermore
mk be the field sizes (i.e. number of cells in the field). The discounted total
investment costs under the option o within the next three years are
oItoti :=
∑
household fields pk
(
mpk ·
2∑
n=0
icostjpk ,lpk ,nt+n · (1 + r)n
)
, (16)
with jpk a representative cell of field pk, lpk the intended land use on field pk,
nt the age of field pk at time t and discount rate r.
Therefore, if
Wi,temp ≥o Itoti +
∑
household cells j
(rK∗nt,j + rLLA)︸ ︷︷ ︸
unavoidable recurrent costs
+Wmin , (17)
the option o can potentially be afforded by the household. This is a simplifying
assumption as it neglects that a household could potentially cover the invest-
ment costs of the second and third year by the income in these years from other
fields. If no option is affordable, the household chooses the ”no change” option,
i.e. all land uses remain the same and no replanting takes place.
The following steps are executed for each affordable option with the goal to
choose the most profitable one.
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In the current year t, investment costs due to the implementation of option o
are ∑
household fields pk
mpk · icostjpk ,lpk ,nt . (18)
Therefore, if option o is implemented, the remaining capital available for factor
inputs in year t is
oWi,rest := Wi,temp −
∑
household fields pk
mpk · icostjpk ,lpk ,nt ≥ 0 (19)
If the remaining capital oWi,rest is sufficient for optimal factor input on all fields,
i.e. if
oWi,rest ≥
∑
household fields pk
mpk · rcostjpk ,lpk ,nt(L∗nt ,K∗nt , T I∗nt , LA) , (20)
and no additional external constraints are existent, the household will apply
optimal factor inputs to maximize production and profit from agricultural land
use. If the remaining capital is not sufficient for optimal factor inputs, i.e.
oWi,rest <
∑
household fields pk
mpk · rcostjpk ,lpk ,nt(L∗nt ,K∗nt , T I∗nt , LA) , (21)
factor inputs are reduced (see section 4.4.1.3). Net cash flow oΠi,t under option
o and actual factor inputs is calculated. The fictive household wealth under
application of option o is updated to
oWi,t = Wi,temp +o Πi,t + Y˜ (22)
with external household income Y˜ .
To decide, which of the affordable options should be chosen by the household,
we calculate the expected cash flow from agricultural use within a certain time
horizon h for each potential option o. For this we also need to calculate the
expected factor inputs during that time. As optimal factor inputs vary with
plantation age and actual factor inputs depend on wealth, we need to simulate
the wealth development of the household over the given time horizon. For this
we assume, that within this period of h years no more land-use changes occur.
Prices for input, output and labor are assumed to stay constant within the
considered time horizon and at the level of prices in period t. Also the external
income is assumed to stay the same as in year t. Household consumption for
each year is calculated based on the expected wealth in the respective year. Let
oΠi,t,...,oΠi,t+h be the expected net cash flows from agricultural use under option
o within the time horizon h. For each option o the discounted accumulated
expected cash flow is calculated as
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oΠ_expectedi :=
h∑
j=0
oΠi,t+j
(1 + r)j , (23)
with discount rate r. The option with the maximal expected cash flow is then
implemented.
4.4.1.3 Reduction of factor inputs
In the case of Equation 21 the household cannot afford optimal factor inputs if
option o is implemented. Therefore, factor inputs need to be reduced. However,
Equation 17 assures that the unavoidable rental costs for capital and land can
be covered as
oWi,rest ≥
∑
household cells j
(rK∗nt,j + rLLA) +Wmin . (24)
We assume that costs for capital and land are fixed and only the input fac-
tors labor L and technical input TI can be reduced. The amount of available
resources for factor input is
oWi,FI :=o Wi,rest −
∑
household cells j
(rK∗nt,j + rLLA) . (25)
To determine on which fields factor inputs are reduced, the marginal loss for a
representative cell jm of each household field m is calculated. Factor inputs are
reduced on the fields with lowest marginal losses, until all remaining capital is
used.
The production of one unit of output less involves less labor and technical input
and thus reduces the costs by an amount of cost_red. Since we apply a Leontief
production function, each unit of production in a plantation of age n involves
factor inputs of L∗n/y∗n of labor and TI∗n/y∗n of technical input, where L∗n and
TI∗n are the optimal factor inputs to produce the maximum output y∗n in a
plantation of age n. Therefore, the optimal factor input for the production of
y∗n − 1 output units on one cell is(
L∗n −
L∗n
y∗n
,K∗n, T I
∗
n −
TI∗n
y∗n
, LA)
)
. (26)
The cost reduction involved in producing one unit of output less on one cell is
thus
cost_red = rcost(L∗n,K∗n, T I∗n, LA)− rcost
(
L∗n −
L∗n
y∗n
,K∗n, T I
∗
n −
TI∗n
y∗n
, LA)
)
= w · L
∗
n
y∗n
+ pTI · TI
∗
n
y∗n
(27)
with
w: wage for one hour of work [US$/h]
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pTI : price for one unit of technical input [US$/kg].
The marginal loss (mloss) in net cash flow from cell j under land use l is thus
mloss = Πcellj,t(L∗n,K∗n, T I∗n, LA)−Πcellj,t
(
L∗n −
L∗n
y∗n
,K∗, T I∗n −
TI∗n
y∗n
, LA
)
= pl,t − cost_red (28)
with
pl,t the revenue for one unit of production (= price [US$/ton] of product of land
use l in year t.).
Those fields with high marginal losses should receive optimal factor input, if
possible. Therefore factor inputs are determined starting with the field with the
highest marginal loss. Let p be the field with the highest marginal loss, m be
the number of cells in p and np the age of the plantation in field p.
If the remaining resources for factor inputs oWi,FI cover the costs for optimal
input of labor and technical input on field p, i.e.
oWi,FI ≥ m · (wL∗np + pTITI∗np) , (29)
this field will receive optimal factor input and oWi,FI is reduced by these costs:
oWi,FI :=o Wi,FI −m · (wL∗np + pTITI∗np) . (30)
This process is continued for the other household fields with decreasing marginal
loss until the field is reached at which the remaining resources oWi,FI are not
sufficient anymore to cover optimal factor inputs.
Let q be this field of size mq and age nq, where
oWi,FI < mq · (wL∗nq + pTITI∗nq ) . (31)
As each unit of production involves labor and technical input costs of
w · L
∗
nq
y∗nq
+ pTI ·
TI∗nq
y∗nq
, (32)
the household can afford a production of
f :=o Wi,FI
/(
w · L
∗
nq
y∗nq
+ pTI ·
TI∗nq
y∗nq
)
(33)
units. The factor inputs for labor and technical input on this field are thus
f · L
∗
nq
y∗nq
and f · TI
∗
nq
y∗nq
. (34)
The remaining fields do not receive inputs of labor or technical inputs in this
year.
At the end of this step, factor inputs for each household cell are known. Thus the
profit from land use under option o with these factor inputs can be calculated for
each household cell and household wealth can be updated according to Equation
22.
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4.4.1.4 Implementation of the land management decision
Now it is clear which of the affordable options is implemented and also the factor
inputs are known. Let o be the chosen option, then the unavoidable costs in
this year are potential investment costs as well as the recurrent costs for capital
and land
ocostsu :=
∑
household cellj
(oicostj + rtKj + rL,tLA) . (35)
Similar to Equation 14, these unavoidable costs are subtracted from the current
wealth, respecting the minimum wealth level
Wi,temp2 :=
{
Wi,temp −o icostj , if Wi,temp −o icostj ≥Wmin
Wmin , else
(36)
If the household needs to take up debts to assure the minimum wealth level,
these debts amount to
Di,t,temp2 :=o icostj +Wmin −Wi,temp . (37)
Finally, the factor inputs of labor and technical inputs under option o reduce
the wealth
Wi,temp3 := Wi,temp2 − (ocostL,t +o costTI,t) , (38)
with
ocostL,t costs for labor in year t under option o,
ocostTI,t costs for technical inputs in year t under option o.
Any debts a household gets into in the current year, e.g. due to consumption
or due to unavoidable costs (see Eq. 15 and 37), are added to the potentially
remaining debts from the previous year, and if possible, payed off at the end
of the period, when cash flows are realized. Household debts in period t before
pay off are therefore
Di,temp3 := Di,t−1 +Di,t,temp1 +Di,t,temp2 (39)
with
Di,t−1 debts after pay off in period t− 1.
Now the cash flow from the realized option o as well as the external income are
added to the household wealth and the cash flow dependent part of consumption
is accounted for
Wi,temp4 :=
{
Wi,temp3 + (1− β)oΠi,t + Y˜i , if oΠi,t > 0
Wi,temp3 +o Πi,t + Y˜i , if oΠi,t ≤ 0
(40)
with
oΠi,t the cash flow in this year,
Y˜i: external income in year t,
β the cash flow dependent fraction of consumption (see Eq. 13).
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Finally, the household pays off debts but respects the minimum wealth level.
Therefore the household wealth which is available for the next year is
Wi,t :=
{
Wi,temp4 −Di,t,temp , if Wi,temp4 −Di,t,temp3 > Wmin
Wmin , if Wi,temp4 −Di,t,temp3 ≤Wmin .
(41)
The household debts are updated accordingly to
Di,t :=
{
0 if, Wi,temp4 −Di,t,temp3 > Wmin
Di,temp3 − (Wi,temp4 −Wmin) if, Wi,temp4 −Di,t,temp3 ≤Wmin
(42)
Households which do not manage to pay back debts within a certain period, i.e.
Di,t > 0 for Dmax consecutive years (see Table 5), are assumed to be incapable
of acting and are frozen in the model.
4.4.2 Parametrization of the household submodel
For the implementation of the Leontief production function, we consider the
following economic functions: optimal production, optimal labor use, optimal
amount of technical inputs, optimal capital stock, and the use of land. Apart
from land, all economic functions depend on the age of the respective plantation.
To derive these functions and their parameters we used data from a household
survey in the province of Jambi, Sumatra (Euler et al., 2012; Faust et al., 2013).
Jambi is the focus of the Collaborative Research Center EFForTS (Ecological
and Socioeconomic Functions of Tropical Lowland Rainforest Transformation
Systems (Sumatra, Indonesia)) which has started in 2012. Interdisciplinary re-
search on social and economic dynamics has provided a household survey of
701 households, which include information such as households’ land holdings,
agricultural and non-agricultural activity, endowments and household compo-
sition (for more details see Krishna et al., 2014; Euler et al., 2015a,b; Krishna
et al., 2015). The survey represents a random sample out of 40 villages which in
return are randomly chosen out of 5 regencies within the province Jambi. The
respective sample sizes per village are chosen proportionally to village size. Out
of the household sample, we use information on the production of 246 oil palm
farmers cultivating 385 oil palm fields and 579 rubber farmers cultivating 962
rubber fields. Drawing on the reported ages of plantations, the oil palm fields of
oil palm farmers are between 0 and 23 years old and the rubber fields have an
age between 0 and 45 years. This enables a data-based parametrization of the
economic functions for these time spans. Since we do not assume a maximum
plantation age in our model, we also need to extrapolate economic functions for
plantation ages beyond the data. To derive the production function, we estimate
optimal yield, labor and technical inputs. For the estimation of optimal yields
we selected the 30% highest yielding fields per plantation age (N = 105 for oil
palm and N = 244 for rubber) (see Fig. 4 (a) and (b)). Assuming that these
fields are optimally managed, they were also used to derive model functions and
parameters for optimal labor and technical input.
19
4.4.2.1 Production functions for oil palm and rubber
Optimal production
Yields of the 30% highest yielding oil palm and rubber fields is presented in
Figure 4 (a,b). As an estimation of the optimal, i.e. maximal potential fresh
fruit bunch production over palm age, we use a function derived by Hoffmann
et al. (2014) which is based on data from 13 sites in Indonesia and Malaysia
(see Fig. 4 c). After the immature phase of three years, in which yield is zero,
this function has a roughly exponential increasing phase, which is followed by a
plateau and a decreasing yield phase. The applied function is
productionoil palm(x) =

0 , if x ≤ 2
po1 · exp(po2 · x) , if 2 < x ≤ 7
po3 , if 7 < x ≤ 11
max{0, po4 · x+ po5} , if x > 11
(43)
with parameters shown in Table 5. As we do not assume a maximum planta-
tion age in our model, this function is also used to extrapolate production for
plantation ages beyond the data (see Fig. 4 e).
For rubber, we estimated the potential yield from our data and used a parabola
which reflects the limited life span of tapped rubber trees. As we are interested
in the maximal possible yields, we require rather an envelope function above
the data than a fit. Therefore, we shift the fitted function upwards so that 95%
of the data from high yielding fields are under the curve (Fig. 4 (d)). We fix
the production of rubber in the first five years to zero. The resulting optimal
production function for rubber is shown in Figure 4 (f). The applied optimal
production function for rubber is therefore
productionrubber(x) =
{
0 , if x ≤ 4
max{0, pr1 · x2 + pr2 · x+ pr3} , if x > 4
(44)
with parameters shown in Table 5.
Optimal labor input
To estimate optimal labor use we draw on the labor data from the same 30%
highest yielding fields per plantation age, but exclude data from the first three
years for oil palm, and respectively the first five years for rubber, as we consider
input of labor during this period as part of the investment. The data on labor
comprise operations such as land clearing, pits taking, seedling transportation,
planting and replanting, manure and fertilizer application, chemical and manual
weeding, harvesting, pruning and marketing. Working hours per hectare are
accumulated for each best performing field. The data were very scattered for
both land uses (see Fig. 5 (a) and (b)). For oil palm an increase in labor after
the plantation establishment phase followed by a slight decrease in labor input
was apparent. We tested different relationships: a hump-shaped function
lab(x) = l1 +
x
l2
exp−
x
l2 , (45)
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Category Land-use type Parameter Unit Meaning Value Reference/Justification
Production Oil palm po1 [-] scaling (exponential growth phase) 0.3
po2 [-] exponent (exponential growth phase) 0.7
po3 [T] plateau value (plateau phase) 40
po4 [-] slope (decreasing phase) -0.6
po5 [T] intercept (decreasing phase) 46
[$/ton] price fresh fruit bunches 90 CRC990 data
Rubber pr1 [-] quadratic parameter of parabola -0.007
pr2 [T] linear parameter of parabola 0.3
pr3 [-] constant parameter of parabola 2.5
pr4 [$/ton] price rubber 1100 CRC990 data
Labor Oil palm lo1 [y] breakpoint 1 5
lo2 [y] breakpoint 2 7
lo3 [y] breakpoint 3 25
lo4 [h/y] slope segment 1 100
lo5 [h/y] slope segment 2 -80
lo6 [h/y] slope segment 3 -0.8
lo7 [h] intercept segment 1 -230
lo8 [h] intercept segment 2 690
lo9 [h] intercept segment 3 120
lo10 [h] plateau value (old plantations) 1400 calibrated
Rubber lr1 [h/(ha year)] labor input (plantation age > 4) 700 derived from CRC990 data
all land-use types Pw [$/hour] wage 1.6 CRC990 data
Technical input Oil palm to1 [kg/(ha y)] constant input mature phase 740 CRC990 data
Rubber tr1 [kg/(ha y)] constant input mature phase 150 CRC990 data
all land-use types Pt [$/kg] price technical input 0.5 CRC990 data
Capital Oil palm co1 [$/ha] Investment costs immature phase [600 200 150] CRC990 data
co2 [-] depriciation rate young plantations -0.1
co3 [-] depriciation rate old plantations 0.1
co4 [year] age in which depriciaton rate switches 10
Rubber cr1 [$/ha] Investment costs immature phase [200,70,70,70,70] CRC990 data
cr2 [-] depriciation rate young plantations -0.05
cr3 [-] depriciation rate old plantations 0.05
cr4 [year] age in which depriciation rate switches 15
all land-use types rc [-] rental rate of capital 0.1 estimated
Land all land-use types rl [-] rental rate of land 0.1 estimated
Pl [$/ha] land price 750 CRC990 data
Hoffmann et al. 2014
derived from CRC990 data
derived from CRC990 data
estimated
estimated
Table 5: Parameters of the economic household model related to the Leontief
production function and costs.
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Figure 4: (a) Production of oil palm fresh fruit bunches [T/Ha] of the 30%
highest yielding fields per plantation age. (b) Rubber production [T/Ha] of the
30% highest yielding fields per plantation age. (c), (d) nonlinear least square
fit to data (dotted line) and upwards shifted fit (95% of data under the curve).
(e), (f) Optimal yield functions applied in the model (parameter values were
rounded).
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Parameter Unit Meaning Value
Wmin [$] minimum wealth level 30
Dmax [year] maximum number of consecutive debt years 5
Ỹ [$] external annual household income (constant) 500
[$] base consumption (subsistence level) 1000CW [-] consumption fraction of wealth 0.05Cπ [-] consumption fraction of net cash flow 0.1
̅𝐶𝐶
Table 6: Parameters of the economic household model related to household
wealth and consumption.
and a segmented linear regression with one and two breakpoints (see Fig. 5 (c)).
An AIC comparison of the three fits resulted in the lowest AIC for the segmented
linear regression with two breakpoints. We therefore apply this function in the
model and set the optimal labor input for the first three years to zero. One
critical aspect is the extrapolation of labor inputs beyond the age where data
were available. Apparently one reason why oil palm plantations generally have a
lifespan of 25−30 years is that after that period, yields decrease and harvesting
becomes very difficult as the trees reach a height in which the fruit bunches are
difficult to harvest with the conventional pole method. Therefore, we assume
a steep increase in labor costs when palms reach a height after which the con-
ventional harvesting method with long sticks is not possible anymore (see also
Corley and Tinker (2008) p. 303 ff. and p. 318). As plantation cycles in our
data end after about 25 years, we assume, that at this time, labor costs increase
and result in plantations being unprofitable. We calibrate the amount of labor
needed by assuming that at this point, the net cash flow is approximately zero,
given optimal inputs and observed input and output prices.
The optimal labor input function is therefore
laboroilpalm(x) =

0 , if x ≤ 2
lo4 · x+ lo7 , if x > 2 and x ≤ lo1
lo5 · x+ lo8 , if x > lo1 and x ≤ lo2
lo6 · x+ lo9 , if x > lo2 and x ≤ lo3
lo10 , if x > lo3
(46)
with parameters shown in Table 5 (see Fig. 5 (e)).
For rubber, we tested a constant, linear and hump-shaped function (see Eq.
45), with the AIC suggesting the hump-shaped curve (Fig. 5 (d)). However,
since there was no large difference between the fits and labor input in rubber
plantations seems to be rather steady over the years (regular tapping, harvesting
and weeding), we decided to choose the constant function for optimal labor
input. Therefore the optimal labor input for rubber is
laborrubber(x) =
{
0 , if x ≤ 4
lr1 , if x > 4
(47)
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with parameter in Table 5 (see also Fig. 5 (f)).
Optimal technical input
To estimate optimal technical input for both land uses, we use the data on
technical inputs from the 30% highest yielding fields per plantation age (see
Fig. 6 (a) and (b)). As for labor, technical input in the immature phase of
the plantation are considered as part of the investment. The data on technical
inputs refer to seedlings, plant and animal waste, soil amendments, fertilizer,
herbicides, machinery and input and output transportation (measured in fuel).
Except seedlings, quantities of inputs are generally measured in liters per hectare
and are also accumulated for each best performing field. Seedlings are plausibly
assumed to have a weight of 1 kilogram. The data on technical inputs are very
scattered for both land uses. For oil palm, the data suggest an increase in
technical inputs over time, while the inputs for rubber seem quite uniform. For
both land-use types we tested a linear and a constant relationship.
The resulting fits are shown in Figure 6 (c,d). For oil palm, although the AIC
comparison suggests the linear increase, we decide for the constant relationship
as the linear fit results in unrealistically high technical input when extrapolated
for old plantations. Also fertilizer recommendations for oil palm plantations
typically suggest a two-level fertilization scheme and differentiate only between
immature and mature plantation phase (Comte et al., 2012). Figure 6 (e) shows
the applied relationship for optimal technical inputs, where inputs for the first
three years are set to zero. The optimal technical input function is therefore
tinputoilpalm(x) =
{
0 , if x ≤ 2
to1 , if x > 2
(48)
with parameters shown in Table 5.
For rubber we compared a linear regression with constant technical inputs
and decide for the constant function which is also suggested by AIC. The applied
relationship for optimal technical inputs in rubber is therefore
tinputrubber(x) =
{
0 , if x ≤ 4
tr1 , if x > 4
(49)
with parameter in Table 5 (see also Fig. 6 (f)).
Optimal capital input
The optimal capital input over time represents the capital stock of an oil palm
or rubber plantation, i.e. the accumulated, discounted investment costs (see
section 4.4.1.1). During the immature period of plantations we regard all labor
costs and costs for technical inputs as investment costs. The accumulated value
of costs for labor and technical inputs in this period are considered as total
establishing costs of the plantation. All costs have been also derived from the
household survey.
As investment costs for labor we include costs for the operations land clear-
ing, pits taking, seedling transportation, planting and replanting, manure and
fertilizer application, chemical and manual weeding, harvesting, pruning and
marketing. Due to the high variance within the data of labor use, all labor
24
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Figure 5: (a) Labor input oil palm [h/(Ha year)] of the 30% highest production
fields per plantation age. (b) Labor input rubber [h/(Ha year)] of the 30%
highest production fields per plantation age. (c) Different fits to the data:
Segmented linear regressions with one and two breakpoints and a hump-shaped
function of the form Equation 45. AIC results: 1257.5 (two breakpoints) <
1264.2 (one breakpoint) < 1271.5 (humped shape). (d) Different fits to the data:
Constant labor input, linear regression and a hump-shaped function of the form
Equation 45. AIC results: 3596.9 (hump shaped) < 3600.9 (linear) < 3601.4
(constant). (e), (f) optimal labor function applied in the model (parameter
values were rounded).
25
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l l
l
0 5 10 15 20
0
50
0
10
00
15
00
20
00
25
00
Oil palm technical input
Plantation age [years]
Te
ch
ni
ca
l i
np
ut
 [k
g/(
ha
 ye
a
r)]
(a)
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
ll
l
ll
l
l
l
l
l
l
l
l
ll
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
lll
l
l l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
ll
ll
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
ll
l
0 5 10 15 20 25 30
0
50
0
10
00
15
00
20
00
Rubber technical input
Plantation age [years]
Te
ch
ni
ca
l i
np
ut
 [k
g/(
ha
 ye
a
r)]
(b)
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l l
l
0 5 10 15 20
0
50
0
10
00
15
00
20
00
25
00
Oil palm optimal technical input
Plantation age [years]
Te
ch
ni
ca
l i
np
ut
 [k
g/(
ha
 ye
a
r)]
l 30% best performers
constant
linear
(c)
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
ll
l
ll
l
l
l
l
l
l
l
l
ll
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
lll
l
l l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
ll
ll
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
ll
l
0 5 10 15 20 25 30
0
50
0
10
00
15
00
20
00
Rubber optimal technical input
Plantation age [years]
Te
ch
ni
ca
l i
np
ut
 [k
g/(
ha
 ye
a
r)]
l l
l
l l
l
l
l
l l
l l
l
l
l
l
l
l
l
l
l
l
30% best performers
mean of bester performers
constant
linear
(d)
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l l
l
0 10 20 30 40 50
0
50
0
10
00
15
00
20
00
25
00
Oil palm optimal technical input
Plantation age [years]
Te
ch
ni
ca
l i
np
ut
 [k
g/(
ha
 ye
a
r)]
(e)
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
l
l l
l
l
l
ll
l
ll
l
l
l
l
l
l
l
l
ll
l
ll
l
l
l
l
l
ll
l
l
l
l
l
l
l
l
l
l
l
lll
l
l l
l
l
l
l
l
l
l
l
ll
l
l
l
l
l
l
ll
ll
l
l
l
l
l
ll l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l
l
l
ll
l
0 10 20 30 40 50
0
50
0
10
00
15
00
20
00
Rubber optimal technical input
Plantation age [years]
Te
ch
ni
ca
l i
np
ut
 [k
g/(
ha
 ye
a
r)]
(f)
Figure 6: (a) Technical input in oil palm plantations [Kg/(Ha Year)] of the
30% highest production fields per plantation age. (b) Technical input in rubber
plantations [Kg/(Ha Year)] of the 30% highest production fields per plantation
age.(c) Different fits: exponential increase (continuous line), linear (dashed) and
power law (dotted). AIC comparison: 1600.2 (exponential) < 1601.3 (linear) <
1602.9 (power law). (d) Different fits: constant function (continuous line) and
linear regression (dashed). AIC comparison: 3358.7 (constant) < 3360.7 (lin-
ear). (e), (f) optimal technical input function applied in the model (parameter
values were rounded).
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Figure 7: (a) Investment costs [$/Ha] for the first three years of an oil palm
plantation. (b) Investment costs [$/Ha] for the first five years of an rubber
plantation. As there was no large difference between the years 1 and 4, we
apply the average of these years. (c), (d) Capital stocks over time.
costs per operation are calculated in multiplying the median hours of work per
operation with the mean value of wages per operation. We also include costs
for out-contracted labor. The costs for technical inputs are calculated in multi-
plying the idiosyncratic prices of inputs with the respective quantities of inputs.
The respective inputs are seedlings, plant and animal waste, soil amendments,
fertilizer, herbicides, machinery and input and output transportation. The re-
sulting investment costs during the immature phase are shown in Figure 7 (a)
and (b). As described in section 4.4.1.1, we assume a positive depreciation rate,
i.e. increasing capital stocks in young plantations, and afterwards a negative
depreciation rate, i.e. decreasing capital stocks. All parameters concerning cap-
ital costs in oil palm and rubber plantations are given in Table 5. The resulting
optimal capital inputs for the Leontief production function are shown in Fig-
ure 7 (c) and (d).
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Figure 8: Overview of the different cost functions for oil palm over plantation
age under optimal production inputs. Recurrent costs are the sum of labor,
technical input, capital and land rental costs.
Optimal land input
Since we always calculate the Leontief production function based on a cell, the
input for land is fixed to the cell size, in this case to 0.25 ha.
4.4.2.2 Costs, revenue & Cash flow
For the calculation of the different costs occurring in plantation agriculture over
time, we use the household data to derive mean values for wages, prices of techni-
cal inputs and prices of land. We also include a price for capital, which captures
the opportunity costs of capital referring to a rental rate of capital. Prices of
fresh oil palm fruit bunches and rubber are also derived from the household
survey (see Table 5).
All data are calculated as mean values over all fields considering only the
mature period after the first three or five years, for oil palm and rubber, re-
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Figure 9: Overview of the different cost functions for rubber over plantation
age under optimal production inputs. Recurrent costs are the sum of labor,
technical input, capital and land rental costs.
spectively. To receive the final mean value for wage measured in hours, we first
calculate the average wage per day (per operation), which is divided by the
average numbers of working hours (per operation). The kinds of operation we
considered are land clearing, pits taking, seedling transport, replanting, manure
and fertilizer application, chemical and manual weeding, harvesting, cutting
leaves, marketing, intercultural operations and irrigation. From all mean wages
per operations we took a final mean. For calculating the overall mean price of
technical inputs, we consider only the most applied and widely representative
technical inputs used in the survey, which are fertilizer and herbicides. For each
input the mean price and quantity is calculated. To generate a final price and
quantity, we weight the final quantities of fertilizer and herbicides with the re-
spective mean price and divide them by the sum of both quantities.
The rental rates for capital (rc) and land (rl) are fixed to 0.1 and are calcu-
lated as the average interest rate for informal and formal credits reported in the
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household survey. The price for land (pl) captures the average price for land
per hectare, which has been sold between 2009 to 2012 (see Table 5). Applying
theses factors to the optimal factor inputs derived in section 4.4.2.1, we arrive at
costs over the plantation lifetime presented in Figure 8 (oil palm) and Figure 9
(rubber).
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Figure 10: (a, b) Annual revenue and net cash flow of an oil palm plantation
under optimal production inputs. (c), (d) and (e) Comparison of expected net
cash flow of existing plantations (curves) with expected net cash flows from a
newly established plantation (straight lines) under different planning horizons
(5,10,15 years). Different fields represent different levels of discount rates (0,
0.05 and 0.1, respectively). The second intersection of each pair of lines marks
the plantation age, in which replanting becomes the more profitable option.
Applying the average farm-gate prices as an example, we arrive at revenues
and net cash flows shown in Figure 10 (a,b) and Figure 11 (a,b). Finally,
Figure 10 (c,d,e) and Figure 11 (c,d,e) depict expected cash flows over the plan-
tation lifetime (curves), as well as the expected cash flow for newly established
plantations (straight lines). These expected cash flows are used in the model to
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compare different land-use change options (see section 4.4.1.2).
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Figure 11: (a, b) Annual revenue and net cash flow of a rubber plantation
under optimal production inputs. (c), (d) and (e) Comparison of expected net
cash flow of existing plantations (curves) with expected net cash flows from a
newly established plantation (straight lines) under different planning horizons
(5,10,15 years). Different fields represent different levels of discount rates (0,
0.05 and 0.1, respectively). The second intersection of each pair of lines marks
the plantation age, in which replanting becomes the more profitable option.
The accumulated expected net cash flow for newly established plantations over
different time horizons and different price scenarios is shown in Figure 12. With
the applied prices for oil palm fresh fruit bunches and rubber, rubber is the
more profitable option, independent of the time horizon considered (Fig. 12 (a)).
However, if the price relation between oil palm and rubber changes, e.g. with
considerably lower prices for rubber, the profitability can depend on the consid-
ered time horizon (Fig. 12 (b)).
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Figure 12: Accumulated expected net cash flows with discount rate of 0.1 for
newly established oil palm and rubber plantations under different time horizons.
(a) Prices for FFB and rubber as derived from CRC data. (b) Hypothetical lower
price for rubber.
4.4.3 Price dynamics
All farmers are assumed to receive the same price for the same crop. These
prices are related to world market prices of the respective crops, but we used
information on price transmission from survey data. Farm-gate prices are con-
siderably lower than world market prices mainly because of trade and transport
margins. Average farm gate prices received by smallholders were 885 IDR/kg
(about USD 0.09) of fresh fruit bunches for oil palm and 10412 IDR/kg (about
USD 1.10) for rubber in the final quarter of 2012 (with an exchange rate of 9500
IDR/USD) see Euler et al. (2015b). The world market price for rubber at that
time was about 3.20 USD/kg; in April 2015 it had declined to 1.71 USD/kg.
For palm oil, the prices of which cannot be readily compared to the price for
fresh fruit bunches, prices also declined, but the decline was less pronounced;
from 768 USD/metric ton in 10/2012 to 592 USD/metric ton in 04/2015 (all
international price data from the World Bank).
Different options for price dynamics are implemented in the model and can
be chosen from the GUI. Prices can be kept constant, or variable around the
initial prices with a specifiable range of variation (”price-fluctuation-%”). In the
latter case, the price variation is drawn from a uniform distribution. Prices can
also be chosen as correlated, again with a specifiable variation. In this case the
price for the next year is calculated based on the current price with the variation
again drawn from a uniform distribution. Finally, prices can be chosen to follow
a Gaussian random walk with crop-specific mean and standard deviation. For
example, if pn is the price per harvested ton fresh fruit bunches in year n, the
price for the following year is determined as
pn+1 = pn + r(µ, σ) (50)
where r is a normally distributed random variable with mean µ and standard
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Figure 13: Carbon stocks of different land-use types
deviation σ. While µ determines the expected slope of the price function, σ
determines price volatility.
As this paper focuses on basic model dynamics, we apply the constant price
option.
4.4.4 Ecological model
4.4.4.1 Carbon storage
For the calculation of carbon stored in the vegetation of oil palm plantations,
we use a function of Germer and Sauerborn (2008), that estimates aboveground
biomass (AGB) of oil palm plantations as a function of plantation age
AGBoilpalm(age)[Mg ha−1] = 18.95 ∗ age0.5 (51)
Assuming a carbon content of 41.3% and a constant root-shoot ratio of 0.35,
i.e. 74% of total carbon is aboveground and 26% is below ground (Syahrinudin,
2005), we arrive at a vegetative carbon stock of
carbonoilpalm(age)[Mg ha−1] = (18.95 ∗ age0.5 · 0.413) · 1.35 (52)
For rubber monoculture we apply the function for rubber trees in the Mato
Grosso, Brazil from Wauters et al. (2008)
carbonrubbermono(age)[Mg ha−1] = 58.609 ∗ exp(−13.696 ∗ exp(−0.264 ∗ age))
(53)
For forest we assign a constant carbon content (we do not consider the option
of converting plantations into forest yet). A mean carbon stock value is derived
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Figure 14: Snapshots of the simulated landscape in different years (0, 5, 10,
15, 20 and 25) of an exemplary simulation run. Roads are marked in white,
household home bases black, oil palm plantations orange, rubber plantations
yellow. Dark green is the area which is not used for agriculture.
from estimations of total biomass from the CRC core plots (M. Kotowska, un-
published data), applying a carbon content of 0.47% (default value for insular
Asian tropical rainforests IPCC (2006))
carbonforest[Mg ha−1] = 389 · 0.47 ≈ 180 (54)
The resulting carbon stocks are shown in Figure 13.
5 Results and Discussion
As the main purpose of this paper is to introduce and describe the developed
model we restrict ourselves to some few exemplary results that illustrate the
basic features of the model and the type of results it can produce.
The key mechanism of the model is the land management decision of the
households. Farmers will tend towards the more profitable land use and will con-
vert land with some time lag conditional on the current land use. For instance,
the plantation age as well as endowments with capital need to be sufficient to
cover the investment costs of conversion. This implies that the model should
produce convergence towards the more profitable land use, at least if produc-
tivity is homogeneous and input and output prices are constant and common to
all farmers. Indeed, we observed this behavior. For example, at the farm-gate
prices of the last quarter of 2012 with rubber at US$1100 per ton and oil palm
at US$90 per ton of fresh fruit bunches (FFB), rubber turns out more profitable
than oil palm regardless of the time horizon used (Fig. 12 (a)). In such a sce-
nario and with default settings (see Table 5), the fraction of fields planted with
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Figure 15: Fractions of different land-use types within the agricultural area,
mean household consumption, and vegetation carbon stocks over time.
rubber increases to 1.0 and the fraction of fields planted with oil palm decreases
to 0.0 (Fig. 14 and Fig. 15). The transition phase from a fraction around 0.5
for both crops in the initial situation is about 20 years under the current sim-
plified specification and parametrization of the model. Note that the model can
produce more diverse land-use patterns if we introduce heterogeneity in produc-
tivity. Then, the relative profitability of rubber and oil palm will possibly differ
between farmers and therefore also their choice between rubber and palm oil.
The simulated land-use change scenario is associated with a considerable
increase in household consumption (Fig. 15 (b)). In general, two forces are at
work in the model that can increase profits and thus consumption over time.
One is the ”natural” yield growth of both crops; the second force is the option
to switch to a more profitable crop. However, the investment costs of switching
will cut into consumption and may temporarily decrease household welfare. The
model results (see Fig. 15 (b)) show the average implications of these mecha-
nisms for the consumption levels of farmers, the key indicator for household
35
Ecological model 
 
Socio-economic model 
• Incorporate soil organic carbon 
dynamics to allow estimation of the 
total carbon stock 
• Incorporate biodiversity as a function 
of patch size, surrounding habitats, 
land-use history (potentially also 
include animal movement to emphasize 
the role of space) 
• Incorporate hydrological functions to 
estimate the impact of land use on  
water availability and quality 
 
• Incorporate location and function of 
traders/mills/markets in the model to 
capture socio-economic  and spatial 
effects 
• Incorporate migration: e.g. increasing 
number of farming households, 
migration into towns (abandonment 
of farms) 
• Incorporate a land market to enable 
household expansion in terms of 
buying/selling/renting of land 
 
 
 
Table 7: Intended model extensions for the ecological and the socio-economic
model.
welfare in the model. Overall, consumption more than doubles within a time
horizon of about twenty years. This is driven by both switching to more prof-
itable rubber as well as increasing yields in rubber. The latter effect clearly
drives the observed consumption increase after period 15. After period 40, the
growth of consumption slows down again as the necessary replanting of rub-
ber plantations involves new investments. This fairly steady improvement of
average household welfare is accompanied by rather steady vegetation carbon
dynamics (Fig. 15 (c)). The amount of carbon in the agriculturally used area
fluctuates around 35− 40 tons per hectare within the first 20 simulation years,
i.e. as long as there is a mixture of oil palm and rubber plantations. During
this time, the reduction of vegetation carbon stock due to land-use change is
roughly balanced by vegetation growth on those plots where land use does not
change. After all oil palm plantations are replaced by rubber plantations, the
vegetation carbon stock increases up to almost 50 tons per hectare, and then
slightly decreases again. The decrease in carbon after period 40 is caused by the
replanting of old rubber plantations. This means that with the applied land-use
decision criterion and at the applied spatial scale and number of households, we
observe a slight synchronization not only of land-use types but also of plantation
ages, which might have both socio-economic and ecological consequences.
6 Outlook
What can be done with our model in its current state without further exten-
sions? In the following we present a non-conclusive list of points to be analyzed
in the future:
• The effect of alternative human behavior/decision rules on ecological and
socio-economic functions: How do different decision making rules (e.g.
profit maximization, risk minimization) affect land-use change? How does
different consumption behavior affect the production decision of a house-
hold? How do different planning horizons affect production decision and
thereby ecological and socio-economic functions? How does (variability in)
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inefficiency of plantation management affect ecological and socio-economic
functions?
• The effect of external effects/drivers on land-use change via an analysis of
land-use change under different hypothetical price developments, including
economic shocks: How do global price shocks for agricultural products
affect the production decisions of households and land-use change? How
much land-use change (e.g. from rubber to oil palm) is expected within
the next 30 years, given certain price development scenarios? What are
the potential effects of different policies (PES) on land-use change?
• Synergies and trade-offs between ecological and socio-economic functions
in realistic and hypothetical landscapes: How do landscapes look like if
optimized for a certain function/several functions, e.g. maximum carbon
sequestration? Are there win-win situations for socio-economic and eco-
logical functions and what are the conditions for these win-win situations?
How should smallholder behavior change to improve ecological functions
on the local and landscape level?
After some extensions we will be able to also evaluate the following aspects:
• Spatial effects: How does proximity between farms and mills or markets
affect selling prices? As a consequence, how does profitability of land-
use choices vary in space? How do neighborhood effects such as learning
and imitating change the outcomes of the model? How are such effects
related to inter-individual differences, e.g. groups of agents with different
behavior rules such as preferences for certain land-use types?
• Large-holder vs. smallholders: What are the differences in ecological and
socio-economic functions with respect to large monocultures, homogeniza-
tion vs. heterogeneous landscapes, fragmented landscapes. How does an
increase of large-holder plantations affect ecological functions (e.g. biodi-
versity)? How do farmers association (such as INTI-PLASMA schemes in
Indonesia) change the observed effects on functions?
The model is currently still under development. Important aspects we in-
tend to incorporate next are presented in Table 7. To enable a validation of
the model over longer time periods (e.g. few decades) and to test whether the
model reproduces past land-use changes on the landscape scale, it is essential
to integrate additional processes such as migration and the expansion of large
scale plantations.
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7 Appendix
7.1 Landscape generator
The landscape generator is an extended version of the simple process-based
landscape generator G-RaFFe (Pe’er et al., 2013), which originally simulates
the extension of fields from roads and creates binary maps with forest- and non-
forest cells. For our purpose we added different land uses and households as an
intermediate level between fields and landscape. Households can own several
fields of different sizes with different land uses. Household locations are always
close to roads. For the creation of maps for model initialization, we used a
section of a real road map from the Jambi region. Main input parameters for
the landscape generator are the density of farming households, the distribution
of household sizes, the distribution of field sizes, and the fraction of the differ-
ent land uses. For a full description of the landscape generator please contact
cdislic@gwdg.de.
7.1.1 Parameterization of the landscape generator
Household sizes
We use data from a household survey (701 households, Euler et al. (2012);
Faust et al. (2013)) to determine the distribution of household sizes (= total
area available for agricultural use). We scaled the histogram of household sizes
to [0, 1] and fitted the density functions of a log-normal distribution to the data
(see Fig. 16) using maximum likelihood fitting (function fitdistr of the pack-
age MASS in R). The resulting parameters for mean and standard deviation
of household area are presented in Table 4. Within the landscape generator,
household sizes are determined by drawing a random number from the log-
normal density function and rounding for the cell resolution (0.25 ha).
Field sizes
In the same manner as for household sizes, we use data from a household sur-
vey to determine the distribution of field sizes. We again fitted a log-normal
distribution to the data (see Fig. 17). The resulting parameters for mean and
standard deviation of field sizes are presented in Table 4.
7.2 Initial household wealth
For the estimation of initial household wealth we use data on assets purchased by
households between 2000 and 2012 from the household survey. Asset categories
included for example cellphones, television, satellite dishes, motorbikes and cars,
fridges and washing machines. Figure 18 shows the histogram of the cumulative
value of purchased assets to which we fitted a log-normal distribution. We use
this distribution as a proxy for household wealth. Since these purchased assets
represent only a fraction of household wealth, we multiply the drawn values
with a scaling factor (in this case 10), to obtain the initial values for household
wealth.
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Figure 16: Histogram of household sizes with maximum likelihood fit of the
log-normal distribution.
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Figure 17: Histogram of field sizes with maximum likelihood fit of the log-normal
distribution.
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